Because wild lines of the same species oft en represent a weedy constraint to cultivated crops in the fi eld, any diff erential response to atmospheric carbon dioxide concentration, [CO 2 ], may alter weed-crop competition and seed yield. We evaluated the growth and reproduction of cultivated rice (Oryza sativa L.; Clearfi eld, CL161) and red or weedy rice (Stuttgart, StgS) in monoculture, and at two competitive densities (8 and 16 plants m -2 ) using [CO 2 ] that corresponded to the 1940s, current levels, and that projected for the middle for the current century (300, 400, and 500 μmol mol -1 , respectively). Competition was determined using plant relative yield (PRY) for biomass and seed yield as a function of [CO 2 ]. At maturity, PRY signifi cantly increased for wild rice, but decreased for the cultivated line as a function of competitive density. Increases in [CO 2 ] resulted in signifi cant decreases in the PRY of seed yield at both competitive densities for CL161; while signifi cant increases in seed yield and aboveground biomass were noted for StgS, but only at the higher competitive density. In addition, the relative increase in seed yield for CL161-StgS, determined at the same competitive density, increased as a function of [CO 2 ] suggesting a greater amount of seed rain from the weedy rice. Overall, these are the fi rst data to indicate that for rice, weedy lines may have been favored as a function of rising carbon dioxide, with greater relative impact on the seed yield and biomass of cultivated rice lines.
A s the global demand for food and energy intensifi es, fossil fuel burning and deforestation will continue to be humanderived sources of atmospheric CO 2 . Since 1958, atmospheric CO 2 has increased by ~24% to a current level of 387 μmol mol −1 (IPCC, 2007) . Recent data indicate that atmospheric levels of CO 2 have risen 35% faster since 2000 than scientists had predicted (Canadell et al., 2007) , due in part to the planet's decreased ability to reabsorb emitted carbon. Current projections indicate a [CO 2 ] between 600 and 1000 μmol mol −1 by 2100 (IPCC, 2007) .
Th e recent anthropogenic driven increase in [CO 2 ], in addition to any secondary role in surface warming, represents an upsurge of an essential resource for plants having the C 3 photosynthetic pathway (i.e., ~95% of all plant species). However, because plant species respond diff erently to abiotic resources, it is unclear whether the recent and projected increases in CO 2 will result in diff erential growth or reproductive responses among crop and weed species in agronomic systems.
Because of the diff erential response of the C 3 and C 4 photosynthetic pathway to atmospheric CO 2 , and the perception that many of the worst weeds in agriculture have the C 4 pathway, the studies conducted to date have emphasized C 3 crop-C 4 weed interactions (e.g., Alberto et al., 1996, Patterson and Flint 1990) . While this data is of obvious importance, it does not adequately address weed-crop competition in toto. In fact, all major crops within the contiguous United States compete with an average of 8 to 10 "troublesome" weeds (Bridges, 1992) , and no one crop competes solely with all C 3 or all C 4 weed species (or vice-versa) . In fact, many of the worst agronomic weeds are selected by cultural or economic practices that are designed to promote crop productivity, and, as a result, have similar genetic, developmental and phenotypic characteristics of the crop {e.g., sorghum [Sorghum bicolor (L.) Moench] and shattercane [S. bicolor nothosubsp. drummondii (Steud.) de Wet ex Davidse], oat (Avena sativa L.) and wild oat (A. fatua L., A. sterilis L.)}. Although the C 3 /C 4 aspect has been emphasized in CO 2 and competition studies (Bunce and Ziska 2000) , we are unaware of any published study that has examined the impact of rising [CO 2 ] on wild and domesticated lines of the same crop species.
Rice is recognized globally as one of the most important cereals. Of the several weeds known to aff ect rice production, two major complexes are recognized as being of particular concern; one is Echinochloa species, the other the red/weedy rice complex (Labrada, 2007) . Red or weedy rice can include a number of undomesticated Oryza species, including O. sativa, but is widely recognized as one of the most important weeds in all regions where irrigated rice is grown. Red or wild rice is an especially diffi cult weed problem in that it is taxonomically and biochemically the same as cultivated rice. Consequently, it cannot be controlled by chemical means without damaging the crop, and its presence in rice fi elds, particularly in the Americas, is considered a growing impediment to commercial rice (Smith and Dilday, 2002) . Among the two principle weed complexes, Smith (1988) reported that 1 to 3 red rice plants m −2 were the threshold infestation to prevent yield and quality losses of rice, whereas the corresponding density for barnyardgrass [Echinochloa crusgalli (L.) P. Beauv.] was estimated to be 5 to 10 plants m −2 . Th e appearance of red rice in rice fi elds can reduce cultivated rice yields by 50 to 60% (Eleft herohorinos et al., 2002) .
Recent evaluations of red rice and cultivated rice lines to increasing [CO 2 ] from emergence to 55 d aft er sowing indicated a much stronger growth response to [CO 2 ] among red rice biotypes (Ziska and McClung, 2008) . However, this study was conducted by evaluating individual lines in monoculture only during the vegetative stage of growth and did not determine competition per se. Th e objective of the current study was to quantify competitive outcomes between red weedy rice and cultivated rice as a function of both [CO 2 ] and competitive density using a PRY (Trenbath 1974 , Patterson et al., 1984 approach (i.e., null hypothesis, no eff ect of [CO 2 ] on competitive outcomes or SY loss from cultivated rice at a given weed-crop density). Th is is the fi rst publication to report how recent and projected increases in atmospheric CO 2 are likely to aff ect competition and yield for weed-crop associations of the same species.
MATERIALS AND METHODS
To simulate past concentrations of CO 2 , controlled environment chambers (EGC Corp., Chagrin Falls, OH) were used. Such facilities are necessary as a means to lower the CO 2 concentration to preambient levels. Temperature for each chamber was varied in a diurnal mode from an overnight low of 22°C, to a maximum aft ernoon value of 32°C, with an average daily (24 h) value of 24.5°C. Light was measured as photosynthetically active radiation (PAR) and varied diurnally in conjunction with temperature, with the highest PAR (~900 μmol m 2 s −1 ) occurring during the aft ernoon. Th e daily light period was 14 h, supplied by a mixture of high-pressure sodium and metal halide lamps, and averaged 22.3 mol m −2 d −1 for all chambers. Th ese conditions are considered optimal for growth and yield of rice (Baker et al., 1989) . Injection of either CO 2 or CO 2 -free air was determined using a TC-2 controller that monitored [CO 2 ] measured from an absolute infrared gas analyzer (WMA-2, PP Systems, Haverhill, MA). Carbon dioxide concentrations were set at 300, 400, and 500 μmol mol −1 24 h d −1 . Th ese concentrations approximated the CO 2 values present during the middle and end of the 20th century, as well as that projected to occur sometime in the next 30 to 50 yr (Keeling and Whorf, 2005) . Mean 24 h d −1 [CO 2 ] values (±SD) throughout the experiment were 307 ± 27.5, 406 ± 18.1, and 502 ± 26.8 μmol mol −1 . Temperature, humidity, and [CO 2 ] were recorded every 15 min, and averages determined on a daily basis for all experimental runs.
Seed of cultivated rice, Clearfi eld, CL161, an imidazolinoneherbicide-resistant variety widely grown in the southern United States, and a weedy red rice biotype, Stuttgart, StgS (PI 653423) (USDA-ARS, 2008), a common troublesome weed in rice fi elds in Arkansas, were sown in 40-cm-deep plastic bins with a surface area of 80 × 30 cm (0.24 m 2 ). Each bin was fi lled with vermiculite and was sieved at the bottom to allow drainage. Aft er emergence, seed were thinned to establish a planting density of 25 plants m -2 spaced at 20-by 20-cm intervals (i.e., 6 per bin). To determine competitive outcomes, a replacement series of cultivated and red rice was established by removing CL161 and replacing them with StgS in the following mixtures based on the percentage of a given species within the bin (CL161 to StgS): 100:0, 66:33, 33:66, 0:100. All four bins representing these ratios were placed within each of three controlled environmental chambers with each chamber programmed to one of the CO 2 treatment concentrations. All bins were watered to the drip point twice daily with a complete nutrient solution containing 14.5 mmol m −3 N.
Plants (bins) were grown until maturity (fi nal harvest), which was determined when >50% of the panicles for both biotypes had senesced. Because seed from StgS shatters, a subsample of panicles from individual plants for each bin and experimental treatment were wrapped in cheesecloth, and an allometric relationship between seed and panicle weight was used to determine SY. At maturity, individual plants were cut at soil level, tillers and panicles counted before separation into tillers, panicles, seed, and leaf laminae. Because of the diffi culty in separating roots of cultivated and wild rice, no attempt was made to determine root biomass. Dry weights for a given bin (planting density) were separated by CL161 and StgS. All plant material was dried at 65°C until dry weight was constant. Seeds were air dried and corrected to 10% moisture.
Th e PRYs were calculated for aboveground biomass and SY according to the methods of Trenbath (1974) and Patterson et al. (1984) . In its simplest form, the PRY of Species A in competition with Species B is the dry weight (or any growth parameter) per plant of A grown in mixture with B (AB), divided by the dry weight when grown in monoculture (A from AA). Similarly, the PRY of species B is the dry weight of B from AB divided by the dry weight of B from BB. Th e relative competitiveness of A and B can then be estimated by comparing their PRY values in competition with each other (i.e., if the PRY of A > PRY of B, A is a more eff ective competitor, but if the PRY ~ 1, then competition is balanced. In addition, if a treatment variable (i.e., CO 2 concentration) changes, its eff ect on the competitiveness of a given species can be assessed using PRY.
A randomized complete block design was utilized with runs over time as replications (blocks), because bins per se do not represent valid replications. Th at is, each chamber was assigned one of the three [CO 2 ] treatments for a given run, with [CO 2 ] treatments reassigned and the entire experiment repeated at the end of each run (i.e., the entire experiment was repeated three times). In addition, all bins within a given chamber were rotated weekly until panicle emergence for each run to prevent edge eff ects. Humidity, PAR, and temperature were quantifi ed before and at the end of each run to determine within-chamber and among-chamber variability. Values for each parameter were consistent among chambers and runs. All measured and calculated parameters were analyzed using analyses of variance including CO 2 concentration, planting density and line (StgS vs. CL161) as fi xed eff ects (Statview soft ware, Cary, NC, USA). Unless otherwise stated, diff erences for any parameter were deemed signifi cant at the P < 0.05 level.
RESULTS
Germination and emergence did not diff er signifi cantly between CL161 and StgS as a function of [CO 2 ]. For monocultures of the cultivated variety, CL161, increasing CO 2 above the 300 μmol mol −1 baseline had no signifi cant eff ect on SY, but did increase total aboveground biomass (Fig. 1) . Conversely, for the wild red rice biotype (StgS), both SY and aboveground biomass increased with increased [CO 2 ] (Fig. 1) . For StgS grown in monoculture, the increase was associated with increased tiller and panicle production, but no change in seed weight (Table 1) .
In competition, the PRY of CL161, averaged over all CO 2 treatments, declined at a weed density of 8 weeds m −2 (0.44 and 0.55 for SY and aboveground biomass, respectively). In contrast, StgS increased its PRY at a CL161 density of 8 plants m −2 (1.38 and 1.31 for SY and biomass, respectively) (Fig. 2, 3) . At the higher competitive density (16 plants m −2 ), the PRY of CL161 was reduced further when averaged over all [CO 2 ] treatments (0.36 and 0.43 for SY and biomass, respectively); conversely, PRY of StgS was increased (2.28 and 2.22 for SY and biomass, respectively).
At a competitive density of 8 plants m −2 , a signifi cant interaction was observed only for the PRY of SY in CL161 (r 2 = 0.87), with no other interactions noted (Fig. 2) . However, at the higher competitive density (16 plants m −2 ), signifi cant increases were observed for the PRY of StgS for both SY and biomass (an r 2 of 0.79 and 0.90, respectively) and for CL161 for SY (r 2 = 0.87) (Fig. 2, 3) . Overall, there was a signifi cant [CO 2 ] × line × competition interaction at the higher but not lower competitive density (P = 0.36) for biomass and SY.
Th e observed changes in PRY are also evident in how the vegetative and reproductive characteristics of both lines responded to competition (Table 1) 
DISCUSSION
In monocultures, increasing [CO 2 ] above the 300 μmol mol −1 mid-twentieth baseline resulted in a signifi cant increase in both SY and biomass at harvest for the wild rice biotype, but only a small increase in biomass for the cultivated line. Th e diff erential response of each rice line is consistent with that of a previous evaluation for recent and projected changes in atmospheric [CO 2 ] in rice where the greater response was, on average, observed for weedy (red) lines relative to cultivated lines (Ziska and McClung, 2008) . Although the basis for the greater response of wild lines to [CO 2 ] has not been entirely elucidated, it has been suggested that greater physiological plasticity and genetic diversity among wild, weedy lines may be of greater advantage as atmospheric CO 2 increases (Treharne, 1989) . It has also been observed that, for a number of cultivated crop lines, greater vegetative, relative to reproductive growth, may occur in response to rising CO 2 (e.g., soybean; Baker et al., 1989; Ainsworth et al., 2002) .
Diff erential response to a changing environmental resource has obvious implications for crop-weed competition in managed ecosystems. Abiotic resources that are needed for plants to complete their life cycle include light, water, nutrients, and CO 2 . Th ere are, on average, 8 to 10 weed species that co-occur with any given crop (Bridges, 1992) , and because of the greater degree of genotypic and phenotypic diversity, any change in an abiotic resource should, a priori, favor the weed over the crop species. For example, during the 1950s, supra-optimal amounts of N were applied to a corn system as a means to ensure that suffi cient N was available to both crops and weeds, and that, as a result, weedy competition would be reduced (Vengris et al., 1955) . However, because of the greater relative response of weeds to the surplus N, competition increased and corn yields were reduced even further.
Farming is designed to select the soil, temperature, moisture, and climate variables that maximize the productivity of the crop species. Empirically then, those weeds that share similar physiological, morphological, or phenological traits are likely to be selected for in any consistent set of agronomic practices (Bridges, 1992) . Oft en, of course, these are weeds that are wild relatives of the domesticated crop species, such as oat and wild oat, sorghum and shattercane, potato and nightshade. One could argue that these weeds are among the worst agronomically, since worst would be consistent with the Clements et al. (1929) defi nition of competition increasing with similarity in vegetation and habitat form. Although responses of individual wild and cultivated rice lines to [CO 2 ] are available (e.g., Ziska and McClung, 2008) , work by Bazzaz and Carlson (1984) , Bazzaz et al. (1995) , and Steinger et al. In the current study, based on observed changes in PRY for both biomass and SY, it is apparent that StgS (weedy, red rice) is a highly eff ective competitor with CL161 (cultivated rice), and that the degree of competition increases as a function of density (i.e., from 8 to 16 plants m −2 ). StgS was also strongly competitive with cultivated rice under fi eld conditions (Estorninos et al., 2005) . At the lower density, increasing [CO 2 ] does appear to be associated with a decline in the PRY of SY and biomass for CL161; whereas at the higher density, there is a clear association with increasing PRY for StgS for both SY and biomass, as well as decreasing PRY for SY in CL161, suggesting that [CO 2 ] could favor StgS in competitive situations, particularly at high densities.
Th e basis for [CO 2 ]-induced changes in the competitive ability of StgS is unclear. Th e PRY does not distinguish between above-and belowground competition. However, competitive outcomes are oft en decided during the fi rst weeks following emergence as a function of the relative leaf area ratio (and subsequent light interception) between weed and crop (Kropff and Spitters, 1991) . Although leaf area ratio between lines was not determined immediately following emergence in the current experiment, it is evident that by maturity, there was an inherent diff erence between wild and cultivated lines in tiller production and leaf weight (i.e., StgS > CL161). In addition, StgS showed a greater ability to produce additional tillers and leaves with increasing [CO 2 ] and increasing competition. Since emergence did not diff er, it is reasonable to suppose that StgS may have out-shaded CL161 following emergence.
In addition to any direct infl uence on competition, [CO 2 ]-induced changes in weed seed production will have subsequent consequences for seed rain. Seed rain, in turn, can be a signifi cant factor that increases the presence of weedy rice in the seed bank and subsequent recruitment in following years (Liebman et al., 1996) . A relative comparison between lines as a function of [CO 2 ] at the same competitive density (i.e., 8 and 16 StgS or CL161 m −2 ), Dry weight at harvest for cultivated (Clearfi eld, CL161) and wild (red) rice (Stuttgart StgS) grown with and without competition at different densities (densities are the no. of wild or cultivated rice plants m -2 *** P < 0.001. † Dry weight of 50 seed. ‡ Harvest index (HI) was determined as the ratio of seed to aboveground weight. § P < 0.10.
indicated that StgS increased its relative production of seed as a function of both density and [CO 2 ] (Fig. 4) , suggesting that [CO 2 ] per se, may also have a signifi cant eff ect on seed rain for StgS. Th e data in this study, while preliminary, suggest that recent and projected increases in atmospheric CO 2 may diff erentially stimulate wild and cultivated rice lines. As weeds are the greatest global constraint on crop production, and because wild relatives of crops are among the most troublesome weeds in agronomic situations, the growth and seed response to [CO 2 ] observed here may have important consequences for rice production, particularly in the Americas, where red weedy rice is a signifi cant and growing weed problem (e.g., Smith and Dilday, 2002) . Th e diff erential response between red weedy rice (StgS) and cultivated (CL161) rice to recent and projected changes in [CO 2 ], and the subsequent consequences for competition and SY were not a function of photosynthetic pathway, but indicate intraspecifi c use of an increased abiotic resource, [CO 2 ], with respect to growth and fecundity. Th ese are the fi rst published results to indicate that, as atmospheric CO 2 rises, wild, weedy lines are likely to pose an increased risk to SY even for the same plant species. As such, these data indicate that the outcomes of crop-weed competition will be diffi cult to assess based solely on photosynthetic pathway (i.e., C 3 crops will be winners while C 4 weeds will be losers). Rather; additional information regarding the specifi c genetic, morphological or phenotypic traits associated with [CO 2 ] responsiveness will be needed to predict weed-crop competitive outcomes in a future, higher [CO 2 ] environment.
Clearly, there are a number of additional climatic characteristics, including temperature and water, as well as agronomic variables (e.g., till, no-till) that have yet to be determined in the context of climate change and weed-crop competition. However, we would emphasize that while much of the climate change research to date has been on crop biology per se (e.g., Lobell and Field, 2007; Battisti and Naylor, 2009) ; it should also be acknowledged that crop yield will be impacted by a number of additional biotic/climatic interactions (e.g., weeds, pests, diseases) likely to occur at the agroecosystem level. Quantifying these interactions will also be critical in determining the overall impact of climatic change on crop production.
CONCLUSION
Anthropogenic changes in greenhouse gas emissions, particularly CO 2 , are likely to change agricultural productivity in a number of ways. In this study we examined how recent and projected changes in atmospheric CO 2 , the source of carbon for plant growth, could diff erentially alter the growth and yield of weeds and crops of the same species, using red rice and cultivated rice as a test case. Th e data indicated that red rice, a pernicious weed in rice cultivation, can demonstrate a stronger response to rising CO 2 than its commercial counterpart, with greater competitive ability, and subsequent negative eff ects on cultivated rice yields. While these data are preliminary, they do suggest that additional information regarding the impact on greenhouse gas emissions on crop-weed competition is warranted.
